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Deviation of Â ^ in boiling core 

Enthalpy of saturated steam 

Volumetric heat capacity of saturated steam 

Enttialpy of saturated water 

Deviation in H^ 

Deviation in Ĥ ^ 
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THEORETICAL STUDY ON 
THE TRANSFER FUNCTION OF BORAX-V 

WITH CENTRAL SUPERHEATER 

by 

J i ro Wakabayashi 

ABSTRACT 

An analytical, overall , reactor transfer function was 
derived to examine the stability problems of the BORAX-V 
boiling water reactor having an integral central superheater . 

Special consideration ^vas given to local p ressu re and 
t ime delay of void formation caused by superheating of the 
water . For this analysis , the boiling core was divided into 
inner and outer par ts to introduce the effects of the radial 
flux distribution. Where appropriate, the analyses were in
dividually done for these two boiler regions and the central 
superheater region, and the feedback effects were combined. 

Basic assumptions introduced into the analyses a re 
that (l) the flux deviation is proportional to the initial flux; 
(2) the power generation in the boiler (UO^ pellets) and the 
superheater (UO2 stainless steel cermet) is proportional to 
the overall reactor flux distribution; i .e. , no spatial kinetic 
effects a re considered; and (3) the individual reactivity phe
nomena (i.e., local tempera ture and void changes) a re f i rs t-
power flux-weighted to obtain the effective reactivity changes. 

I. ZERO-POWER REACTOR KINETICS 

The spatially-independent kinetic charac ter is t ics of a thermal r e 
actor system a re obtained by solving the following equations: 

f =(^i |^)N*.X.C, . (..., 

dCi p . 
— = J T N - ^ . C „ . = 1,2 6. (1.2) 



If the above equa t i ons a r e combined and L a p l a c e t r a n s f o r m e d , the z e r o -
power t r a n s f e r function is d e t e r m i n e d to be 

A N ( S ) / N O 

AK(s) 
(1.3) 

1 + A r(s + ^i)f 
1=1 J 

and 

AK = AKgx + AK^ + AKg + A K i 3 , ( l -^ ) 

w h e r e AKg^ is the e x t e r n a l l y i n s e r t e d r e a c t i v i t y (of the c o n t r o l r o d s ) , and 
AKv, AKg , and AKj-, a r e , r e s p e c t i v e l y , the r e a c t i v i t i e s due to void , w a t e r 
t e m p e r a t u r e , and fuel t e m p e r a t u r e ( including the D o p p l e r ef fect ) . 

T h e v a l u e s of c o n s t a n t s X^, (3j, and £* a r e g iven on p . 32. 

II. H E A T F L U X O F BOILING C O R E 

In the a n a l y s e s of the hea t flux f rom fuel rod to w a t e r coo lan t , it is 
a s s u m e d tha t the hea t c apac i t y of the c ladding m a t e r i a l is neg l i g ib l e with 
r e s p e c t to tha t of the UOj p e l l e t s . The t h e r m a l conduc t iv i ty of the c ladding 
and the hea t t r a n s f e r coeff ic ient f rom c ladding to w a t e r a r e g r o u p e d a s a 
s i ng l e , o v e r a l l , hea t t r a n s f e r coef f ic ien t , H. 

The t e m p e r a t u r e in a p o w e r - g e n e r a t i n g m e d i u m of t h e r m a l conduc 
t iv i ty , X, and di f fus ivi ty , 'c, is d e s c r i b e d a s follo^vs:^^' 

Q„ 1 d9f 

w h e r e 9f is the fuel t e m p e r a t u r e . 

Since the fuel rod is e s s e n t i a l l y a c y l i n d e r of r a d i u s R. the bounda ry 
condi t ions a r e 

9f / 00 at r = 0, (2.3) 

w h e r e 9 ^ is the w a t e r o r boi l ing w a t e r t e m p e r a t u r e . 



T h e t e m p e r a t u r e d i f f e r ence b e t w e e n the in le t w a t e r and the boi l ing 
w a t e r i s n e g l i g i b l e c o n a p a r e d t o t h a t be tween the fuel s u r f a c e and the boi l ing 
w a t e r . In t h e subcoo l ing r e g i o n , n u c l e a t e boi l ing a l s o o c c u r s on the s u r f a c e 
of the c l a d d i n g . 9 and H a r e a s s u m e d cons t an t in a l l boi l ing r e g i o n s . 

C o m b i n i n g and L a p l a c e t r a n s f o r m i n g E q s . (2.1) to (2.3) r e s u l t in the 
follo\ving e q u a t i o n s : 

9 j (R ,s ) = 9^(R.s) - 9^ 

Qb(s) = 9f(R,s)27TRH, 

N , RH/X, 

a n d 

T = R ' / K , 

Qb(s) = Qg(s] 
2 j 1 . y - T s / . y - T s 

.Jo - T s ^ - T s 

Nb 
J l - T s 

(2 .4) 

(2 .5) 

(2 .6) 

(2 .7) 

(2.8) 

E q u a t i o n (2.8) m a y be expanded into the following s e r i e s of p a r t i a l f r a c t i o n s : 

Q j s ) ^ F , 

Qg{s) ^ 1 + T, (2 .9) 

w h e r e b o i l e r fuel h e a t , F j and Tj ,̂ a r e found f r o m the s i m u l t a n e o u s so lu t ion 
of 

^ 1 + T / T ^ N 

(2.10) 

a n d 

Nv. • / ^ i 

J l ^ T / T J 

.Jo y T/Ti_ 
(2.11) 

w h e r e JQ and J i a r e B e s s e l func t ions . 
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As an approximation Eq, (2.9) may be rewritten as 

Qg 14-, ' + ^i« 1 + T,s 

Qb ' (2.12) 

where 

i=j 
CO 

Z V T 

(2.13) 

Figure 2.1 gives the solution of Eqs. (2.10), (2.11). and (2.13) as a 
function of N[j. 

0 5 

0 2 

0.1 

0 02 

001 

0.005 

0.002 

/
I
I
I 

1 
1 

ll 

V. 

• . F| 

" ^ ' ^ • — — ^ T | / T 

^ ^ ^ ^ ^ Ĵ-—-̂  
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Fig. 2.1 

Boiler-fuel Heat- t ransfer Pa
ramete r s vs. Biot Number 
for Cylindrical Geometry 

If it is assumed that the gamma energy re lease from the central 
superheater core is negligible, the power dissipated to the coolant (includ
ing 7, the gamma emission from tlje boiling core) is given by 
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Q b ( s ) % ^ 

Q g ( s ) " q „ ( s ) 
( 1 - 7 ) 

V i i = i 

A 1 + T iS 1 + T^s + 7. 2 . 1 4 

I I I . F U N D A M E N T A L E Q U A T I O N O F M O D E R A T O R D Y N A M I C S 

T h e e q u a t i o n s f o r c o n s e r v a t i o n of m a s s a n d e n e r g y a t t h e c h a n n e l of 

a b o i l i n g c o r e a r e 

S ( A s PsU + A ^ p ^ W ) S ( A g P 3 + A ^ p ^ ) 

^ + a ^ = ^•' ( 3 . 1 ) 

a n d 

^ ( A ^ H ^ p ^ U + A ^ p ^ H ^ W ) a ( A ^ H ^ P 3 + A ^ H ^ p J 
+ r - - Q ^ . ( 3 . 2 ) 

dx St 

S i n c e t h e v a l u e s of S H ^ / S X , ciiyj/hx, a n d S p g / S x m a y b e a s s u m e d 

t o b e z e r o , E q s . ( 3 . 1 ) a n d ( 3 . 2 ) g i v e 

SA. .U S A 
^ - + 

Qv 

5 x S t ( H s - H w ) P s 

d H , dHv 
P s A s — + p ^ ^ ^ ^ ^ A 3 d p , 

( H s - H w ) P s P s d p 

d P 

d t • 

(3.3) 

If t h e d e v i a t i o n s f r o m t h e s t e a d y - s t a t e v a l u e a r e s n n a l l c o m p a r e d t o 

t h e s t e a d y - s t a t e v a l u e , E q . ( 3 . 3 ) m a y b e r e w r i t t e n a s 

5 , , 9 a s q b 
— ( a , U o + u A s o ) + - § X = H 7 

dH„ d H „ , \ Aso d p , 
.-i- P,A,,„—2+ p A.... ^ 1 + 

dp d p / Pg d p 

d P 
dt • 

(3.4) 

v / h e r e 

H v ^ P s ( H s " H w ) . 

a n d i t i s p o s t u l a t e d t h a t 

a s ( x , t ) U o ( x ) + u ( x , t ) A s o ( x ) = U p ( x ) a s ( x , t ) ; 

a n d 

U p ( x ) = ' ; ( x ) U „ ( x ) . 

(3.5) 

(3.6) 

(3.7) 
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Since it was found that CJx) approximates unity, '^' Eq. (3.4) can be 
further simplified as 

SUoag 

dt H„ 
1 / „ '^"s dHw\ Aso dPs ^ . (3.8) 

dt 

IV. EFFECTS OF POWER VARIATIONS 

The analysis of power-to-void transfer function is presented first 
in Section IVA. where the p re s su re and the boiling boundary a re assunned 
constant. The power-to-boiling-boundary transfer function is derived in 
Section IVB. 

If the t ransfer functions derived in Sections IV and VII a re com
bined, the total effect of power changes on void is obtained. 

A. Power- to-void Transfer Function 

The following equation is obtained from Eq. (3.8) and includes the 
effect of the void t ranspor t ac ross the core: 

dUpas Sas qb(x,t) 
Sx St Hy • 

The initial and boundary conditions for solving Eq. (4.1) a re 

as(x,t) = 0 at t = 0; 

and 

(4.1) 

a g ( x , t ) = 0 a t X = Lj^ . 

In addition to the void t ransport effect described above, the void 
formation is delayed with respect to the heat flux deviation for severa l 
reasons . Because of the surface tension of the liquid, the p r e s s u r e inside 
a bubble must be grea ter than the p re s su re of the water outside the bubble. 
Accordingly, energy must be spent for bubble formation. During bubble 
growth, the local water p r e s su re r i ses and this p r e s su re disturbance in
c r eases the saturation tempera ture of the water. The p r e s su re again de
c reases with the t ransmiss ion of the p re s su re wave into the void and water 
mixture . The void formation delayed is denoted as Tp, and the heat flux 
expended for the formation of steam is denoted as qj^(x,t). If the bubble 
lag effect is included, the result is 

dUoas qt(x,s) 
S + s a g = JJ 
OX ^ H , , 

(4.2) 
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E q u a t i o n (4.1) m a y be r e w r i t t e n a s fo l lows: 

qi^(x,s) = q ^ ( x , s ) / ( l + T „ s ) . (4.3) 

T h e ve loc i t y of t he p r e s s u r e wave in the m i x t u r e of steann and w a t e r 
i s 

VI + ( K ' / E ) d / e 

S ince the va lue of ( K ' / E ) d / e i s s m a l l c o m p a r e d to 1, Eq . (4.2) m a y 
be a p p r o x i m a t e d a s 

O) S y g P g ^ K ' . (4.5) 

T h e va lue of TQ m a y be es t i imated a s 

To = Hg/cD + 0 .02 . (4.6) 

T h e bubble fori-nation lag is est i i -nated to be b e t w e e n 10 and 30 m s e c . 
A va lue of 20 m s e c is u s e d in t h i s a n a l y s i s . 

If it i s a s s u m e d tha t t he p o s i t i o n of the boi l ing b o u n d a r y is not 
changed -with t i m e , q ' ( x , s ) m a y be d e n o t e d a s 

q|^(x,s) = q{^(s)D(x), (4.7) 

w h e r e D(x) i s t h e n o r m a l i z e d , s t e a d y - s t a t e , a x i a l flux d i s t r i b u t i o n ; i . e . , 

^ j D(x)dx = 1. (4.8) 

C o m b i n i n g E q s . (4.2) and (4.7) p r o d u c e s 

^ } h l l ^ + s a 3 ( x , s ) = 3hkl D(x). (4.9) 
dx ^ Hv 

If the w e i g h t i n g funct ion of void to r e a c t i v i t y , F ( x ) , i s a s s u m e d equal 
to D ( X ) / L , t he e f fec t ive void c r o s s - s e c t i o n d e v i a t i o n is 

v ( s ) = / a ( x , s ) F ( x ) d x = -J- / a (x , s )D(x)dx . (4.10) 

•^Lb ^ - ^ L b 
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If Eq . (4.9) is so lved for ag(x , s ) and the r e s u l t is s u b s t i t u t e d into 
E q . (4 .10) . t he following t r a n s f e r function is ob ta ined : 

^ ) ~- Ur f ° ' ' ' ' ^ f D ( x ' ) e « { t ( - ' ) " t ( x ) } d x ' (4.11) 

a n d 

7(s) ^ 1 v(s) 
qb(s) 1 + ToS • qj^(s) ' 

(4.12) 

w h e r e 

t(x) 
Uo(x) 

d x . (4.13) 

E q u a t i o n (4.12) i s the g e n e r a l f o r m of the p o w e r - t o - e f f e c t i v e - v o i d , 
c r o s s - s e c t i o n t r a n s f e r funct ion. 

If the s t e a m v e l o c i t y , Uo(x), i s a s s u m e d to be a c o n s t a n t . Up, and the 
n o r m a l i z e d , a x i a l flux d i s t r i b u t i o n is deno ted a s 

D(x) = a sin(bx + c) , 

t h e n E q . (4.12) m a y be so lved a s fol lows 

^L 

(4.14) 

1 v(s) ^ _ ^ 
q; (s) 1 + TQS H „ U 

v^o • 'L 

s i n ( b x + c ) d x I s in (bx ' + 0 ) 6 ^ ^ / ^ ° ' * ' ' ' " ' ' ' dx 

Bi + C,s + Die" •̂ '•̂  1 + e" "^^^(Ei+Fjs) 

1 + Tts^ 
(4.15) 

[ V ( S ) / A ] X 100 _ 1 0 0 / A 

qb^s; 1 + T„ 

- T 6 S 
B, + CiS + D,e *> 1 + e" ' ( E , + F i s 

- + -
1 + T ' s h' 5S 

(4.16) 

w h e r e 

Al = a V 5 / ( L b H v ) , 

Bi = - i j s i n ^ ( b L + c ) + s in^(bLb+ c j , 



15 

C, = TJZ - (T5/4) {sin 2(bL + c) - sin 2(bLb + c)}, 

Di = sin(bL + c) sin(bLb + c), 

E l = - C O S ( T 6 / T 5 ) 

F i = - T 5 s i n ( T ( , / T 5 ) 

T5 = l / ( U o b ) , 

and 

T6 = b(L - Lb)/(Uob) = b ( L - L b ) T 5 . 

For simplicity, Eq. (4.16) is written as 

( V ( S ) / A ) • 100/qt(s) = [ l / ( l + Tos)]- [Av/(1 + Tvs)], (4.17) 

where 

Av = ( I O O / A ) • Ai(Bi + Di + Ei+ 1), 

and T^ = (B1 + D1 + E1 + 1 ) T | / C I . 

B. Power-to-boil ing-boundary Transfer Function 

This section d iscusses the effect of power variations in the subcooled 
region of the core . 

F r o m Eq. (3.2), the following equation is valid for the subcooled 
region: 

a(p^A^HoWo) a(p^A^Ho) 
-^ + Si = Qb. (4.18) 

where p^A^Wg is equal to the inlet water mass flow rate and p ^ , A^, and 
Wo are assumed constant. Thus Eq. (4.18) can be rewri t ten as 

S H o ^ ^ d H ^ ^ Q ^ ^ (4.19) 
Sx Wo St i^ 

•i 

Again, if only the t ransient par t s a re used (the s teady-state values 
a re subtracted), Eq. (4.19) becomes: 

^ M ^ 1 a h ^ ^ q ^ ( x ^ ) 
3x Wo St Mf 
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Initial and boundary conditions for solving Eq. (4.20) a re 

ho(xt) = 0 at t = 0; 

and 

ho(xt) = 0 at X = 0. 

Using the Laplace t ransform method resul ts in 

dho(x,s) qb(x,s) 

Then the solution of Eq. (4.21) is 

Mfho(x,s) = qi^(s) r D(x')e'^/*<'*^'''"''^ dx' . (4.22) 

If the boiling boundary is denoted by 6, the following relation will be 
satisfied at any time (if ho is negative): 

Ho(Lb+ 6) +ho(Lb+ 5,t) = H^ = Ho(L^^). (4.23) 

If 6 is small compared with Lb, the value of ho(Lb + 6 ,t) can be r e 
placed by ho(Lb,t). 

F rom Eq. (4.19), the following equation is satisfied under steady-
state conditions: 

dHo(x) 
Mf ^^ = Qb(x). (4.24) 

Now, 

H„(Lb+ 6) - Ho(Lb) = - ^ — ^ 6(t), (4.25) 
Mf 

and in Eqs. (4.23) and (4.25), 6(t) is denoted as 

6(t) = - [Mf/Qb(Lb)]ho(Lb,t). (4.26) 

Equations (4.22) and (4.26) yield the following power-to-boil ing-
boundary t ransfer function: 
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6(s) 
%i^) " ' Qb( 

1 f^^ 
(wI ° (x)e 

• ( s /Wo)(Lb-x) 
d x 

T7S sin(bL^^ + c) - cos(bLr^ + c) - e ^Z ol^ |.^^g ^^.^ ^ . ^^^ j , j 

Qb(Lb)b 1 + T | S ^ 

= A, 
B2 + Cjs - e ' ' ^7S( j5^^g^g j 

w h e r e 

A, = - a / [ Q o ( L b ) b ] , 

B2 = - c o s ( b L b + c) , 

C2 = T7 s in (bLb + c) , 

D2 = - c o s c, 

E2 = TT s in c. 

a n d 

T, = Lb /W„ . 

F o r s i m p l i c i t y , E q . (4.27) i s w r i t t e n a s 

J.(s) _ A5 

qb(s) 1 + T6 s ' 

w h e r e 
A 5 = A „ ( B 2 - D 2 ) , 

a n d 

(4 .27) 

(4 .28) 

T5 = ( B 2 - D 2 ) T , V C 2 
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V. P R E S S U R E - T O - V O I D T R A N S F E R F U N C T I O N 

I n t h e a n a l y s i s of t h e p r e s s u r e - t o - v o i d t r a n s f e r f u n c t i o n , t h e p o w e r 

i s a s s u m e d t o r e m a i n c o n s t a n t . T h e f o l l o w i n g e q u a t i o n i s o b t a i n e d f r o m 

E q . ( 3 . 8 ) : 

SUo 
Sx bt 

d H c 
H v V^^^so ^ p + PwAwo ^ p 

d H w \ A s o ' ^ P s 

d p / ""̂  P s d p 

d £ 
d t 

= -K(x) i £ . 

If t h e p r o c e d u r e u s e d i n s o l v i n g E q . ( 4 . 1 ) i s f o l l o w e d , t h e s o l u t i o n of 

E q . ( 5 . 1 ) i s 

( 5 . 1 ) 

1 v(s) __ 
s p 1 + T Q S r^^-r-^^'^^'''^'-'^ )>dx . (5.2) 

I n E q . ( 5 . 2 ) , H v , P w , P s , d H s / d p , d H w / d p , a n d d P s / d p a r e a s s u m e d 

c o n s t a n t . S i n c e A s o + ^v/o - A ( t h e t o t a l c h a n n e l c r o s s s e c t i o n ) , a d e t e r 

m i n a t i o n of A s o i s s u f f i c i e n t . A s o ( x ) i s o b t a i n e d b y s o l v i n g E q . ( 3 . 3 ) a t 

s t e a d y s t a t e . T h u s , 

d (AsoUo) Q b ( x ) 

d x H,, 
(5.3) 

a n d 

^ - ( ' ' ) = K ^ ) £ ^ Q b ( x ' ) d x . . ^ ^ j ^ ^ D ( x M d x . . ( 5 . 4 ) 

If Uo(x) i s a g a i n a s s u n n e d c o n s t a n t , A s o ( x ) m a y b e r e w r i t t e n a s 

Q b a 
A s o ( x ) = u f t u { c o s ( b L b + c ) - c o s ( b x + c ) } . 

HvUoD 

S u b s t i t u t i n g E q . ( 5 . 5 ) i n t o E q . ( 5 . 1 ) r e s u l t s i n 

(5.5) 

APv 
K(x) 

Q^a • / d H ^ ^ d H ^ ^ Hy d pA 

T O ^ ' V'dp" Pw dp PsP^ dp j 
Al-3 ; - )HvUob 

{ c o s ( b L i 3 + c ) - c o s ( b x + c ) } —^ K, - —i^ K2 c o s ( b x + c ) . 
(5 .6) 



w h e r e 

a A p , 

K , 

/£lw^ 
V̂ dp/ 

H v U o 

c o s ( b L b + c ) 

1 + -
Q b a 

d H y 

d p 
-) H v U o 

d H s Ps_ d H ^ , H v d p 

d p p ^ dp P s P \ 
d P s \ 

d p / 

(5.7) 

a n d 

a A p , 

K , 

ZdHwN 
A dp/' 

HvU, v ^ o 

Q b ^ / d H s Ps d H ^ H v dp , 
1 + 7—^ l-r—-- ^ + 

/ d H ^ \ _ 'dHv, \ _ Vdp P„ dp p^p^ d p 
b 

(5.8) 

If E q . ( 5 . 6 ) i s s u b s t i t u t e d i n t o E q . ( 5 . 2 ) , t h e p r e s s u r e - t o - v o i d t r a n s f e r 

f u n c t i o n i s 

19 

[ v ( s ) / A ] 1 0 0 ^ 1 0 0 / A J _ 
sp ( s ) 1 

^ 2 Z ^ - - ^ f s i n ( b x + c ) d x f {-Ki + K 2 C o s ( b x ' + c ) } e ( ^ / " ' ' > < ^ ' " ^ > d x . 

1 100 
1 + T.s A 

A3 J B3 + C3S - e " ^ ' ^ ( D 3 + E 3 s ) 

1 F3 + G3SI H3 + I3S ^l_ F3 + Gas'l 
• \ s " l+r ts^J 1 + r f s ' 1 + T t s ' (5.9) 

w h e r e : 

A3 = [ K i / ( b ^ T 5 ) ] { c o s ( b L + c ) - c o s ( b L b + c ) } , 

B3 = [ K i / ( b ^ T 5 ) ] c o s ( b L b + c ) , 

C3 = ( K i / b ^ ) s i n ( b L b + c ) , 

D3 = [ K i / ( b ^ T 5 ) ] c o s ( b L + c ) , 

E3 = ( K i / b ^ ) s m ( b L + c ) , 

F3 = ( K 2 / K , ) T5 • s i n ( b L b + c ) , 

G3 = ( K 2 / K I ) T | • c o s ( b L b + c ) , 

H3 = [ K 2 / ( 4 b 2 ) ] { 2 b ( L - L b ) " s i n 2 ( b L + c ) + s i n 2 ( b L b + c ) } , 
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and 

I3 = [K2/4b^)] T5 {cos 2(bLb+c) - cos 2(bL+c)}. 

For simplicity, Eq. (5.9) is written as 

[ V ( S ) / A ] 1 0 0 _ 1 Avp 

sp(s) 

where 

and 

1 + TnS 1 + TvpS' 

A^p = {F3(D3 - B3) + H3 + C3 - E3 + T(,D3} 100 /A, 

Tvp = {F3(D3 - B3) + H3 + C3 - E3 + Te,D3}/(l3/T| + A3). 

(5.10) 

VI. PRESSURE-TO-BOILING-BOUNDARY 
TRANSFER FUNCTION 

Changes of p r e s su re produce differences in the enthalpy of saturated 
water and consequently change the position of the boiling boundary. 

From Eq. (4.24), 

/•Lb 
Mf(H„-Hwf) = I Qb(x) dx, 

Jo 
(6.1) 

and the relation between the enthalpy of the water and the boiling boundary 
variation is as follows: 

Mf(Hw+h^-H^f) = j Qb(x) dx. (6.2) 

Mfhw = Q b ( L b ) 6 . (6.3) 

If the feedwater mass flowrate is negligible in comparison to that 
of the recirculat ion water, then the inlet water enthalpy will r ise to H^f + 
h^ after recirculation time Tj.. The pressure- to-boi l ing-boundary t r an s 
fer function is therefore 



2 1 

5 ( s ) _ d H ^ >^f 1_ - s T , 
e 

3 p ( s ) d p Q b ( L b ) s 

^6p 
d p Q b ( L b ) 1 + s T j . 1 + s T j . " 

w h e r e 

d H w Klf 

(6.4) 

' S p = d p • Q b ( L b ) 
• T .*• r -

V I I . B O I L I N G - B O U N D A R Y - T O - V O I D 

T R A N S F E R F U N C T I O N 

T h e v a r i a t i o n of t h e b o i l i n g b o u n d a r y w i l l c a u s e v a r i a t i o n s i n t h e 

v o l u m e of s t e a m . T h e e f f e c t of t h e v a r i a t i o n of s t e a m p r o d u c t i o n a t t h e 

b o i l i n g b o u n d a r y w i l l a p p e a r a t p o s i t i o n x a f t e r t r a n s i t t i m e t ( x ) . 

I n c l u d i n g t h e b u b b l e l a g e f f e c t a s d e r i v e d i n S e c t i o n I V , t h e v o i d 

f o r m a t i o n v a r i a t i o n of t h e b o i l i n g b o u n d a r y c a n b e d e n o t e d b y 

U o ( L b ) a s ( L b . s ) = - [ Q b ( L b ) 6 ( s ) ] / [ H v ( l + T o s ) ] . ( 7 . 1 ) 

T h e n t h e r e l a t i o n a t a n y p o s i t i o n x i s 

U o ( x ) a s ( x , s ) = - [ Q b ( L b ) / H v ] ' [ 6 ( s ) / ( l + T„s ) ] e " ^^(x)^ (7 2) 

F r o m E q . ( 4 . 7 ) , t h e m e a n v a l u e of t h e e f f e c t i v e v o i d c r o s s - s e c t i o n 

a r e a d e v i a t i o n i s g i v e n a s 

v ( s ) = ^ f a ( x , s ) D ( x ) d x . ( 7 . 3 ) 

^ ^ L b 

If E q s . ( 7 . 2 ) a n d ( 7 . 3 ) a r e c o m b i n e d , t h e b o i l i n g - b o u n d a r y - t o - v o i d 

t r a n s f e r f u n c t i o n i s 

V ( s ) 

6 ( s ) • 

Q b ( L b ) 

H v L 

Q b ( L b ) 

1 

1 + ToS 

1 + TQS 

r D(x) 
/, Uo(x) 

»'Lb 

. T s 
/ D[x(t 

. - s t ( x ) d x ( 7 . 4 ) 

(7.5) 
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T s 

w h e r e 

,.L 

^ L b 

a n d 

. x ( t -

L ^ ) ' " ' 

J L . "°(^') - b 

If t h e s t e a m v e l o c i t y i s a s s u m e d c o n s t a n t , E q . ( 7 . 5 ) b e c o m e s 

) Q b ( L b ) a 1 / ^ , , St , , 
' s m ( b U o t + b L b + c ) e ^^ d t ; ( 7 . 7 ) 

6 ( s ) H ^ L 1 + T„s 

a n d 

-T(.S 
[ V ( S ) / A ] 1 0 0 _ 1 100 B4 + C4S - e ( D 4 + E 4 S ) 

^ s ) = 1 r T„s • A • ^ ^ • 1 + ris' '• ' ^ - ^ ^ 

w h e r e : 

A4 = - [ Q b ( L b ) a T i ] / ( H v L ) , 

B4 = c o s ( b L b + c ) , 

C4 = T5 s i n ( b L b + c ) , 

D4 = c o s ( b L + c ) , 

a n d 

E4 = T5 s i n ( b L + c ) . 

F o r s i m p l i c i t y , E q . ( 7 . 8 ) c a n b e r e w r i t t e n a s 

[ V ( s ) / A ] 1 0 0 / 6 ( s ) = [ 1 / ( 1 + T o s ) ] • [ A v 6 / ( l + - ^ v 6 s ) ] . ( 7 . 9 ) 

w h e r e 

A v 5 = A 4 ( B 4 - D 4 ) , 

a n d 

T"v6 = "^5(64 - D 4 ) / C 4 . 
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VIII. HEAT-FLUX-TO-STEAM-MASS TRANSFER FUNCTION 

As mentioned in Section IV, qb(x,t) is the expenditure of energy for 
the formation of steam. The deviation of the steam formation rate 6rris(x,t) 
can be expressed as follows: 

and 

6rhs(x,t) = q b ( x , t ) / ( H s - H j , 

6rh3(x,s) = qb(x,s) • 1/(1+ Tos) • l / ( H s - H „ ) , 

qb(^) 1 

(8.1) 

(8.2) 

6rh(s) 
Hs - Hv, 1 + ToS 

D(x) dx 
' Lb 

%(^) 
Hg - H^ 1 + ToS b 

[cos(bLb+c) - cos(bL+c)] , (8.3) 

where 6riig(s) is the rate of s t eam-mass variation for one fuel rod. The 
total rate of s t eam-mass variation, rris(s), in the vessel is thus 

riis(s) = Y m ' (H -̂ H )b| ."bi^bi(s){cos(bLbi+c) - cos(bL + c)} 

+ nboqbo(s){cos(bLbo+c)-cos(bL + c)}J. (8.4) 

IX. STEAM-MASS-TO-PRESSURE TRANSFER FUNCTION 

F r o m Reference (3), the s t e a m - m a s s - t o - p r e s s u r e transfer function 
is simplified to 

sp(s) 
rhs(s) 

1 + sTr 

^ ( l + s . ^ • T-

1 + TfS 
S m • 1 + T p ^ s ' 

(.9.1) 

where 

Mg Mg be. Mc 
5Hw 
Bp 

P Ss Sp Hs - H ^ 

an. 
^ + ̂ . i f l 

Mc. 
dp 

M„ 
5 H ^ 

dp 
dp Hg - H^ Hg - H^ 

(9.2) 
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and 

p m 

' pm 
(7/TI) Tr. 

(9.3) 

X. PRESSURE-TO-WATER-TEMPERATURE TRANSFER FUNCTION 

The saturation temperature of the water in the boiling region is 
also changed by p r e s s u r e variat ions. After the p r e s su re deviation occurs , 
the core- inlet water temperature will change. This effect will appear in 
the nonboiling region after Tj- seconds. 

The effective water temperature variation is given by 

ew(s) ffw £(si 
dp L 

D(x) dx + e 
• s T , 

, L b 
D(x)dx 

' L b 
(10.1) 

and the p re s su re - to -wa te r - t empera tu re t ransfer function becomes 

e^{s) be^ 
p(s) 

dp 

Lb 
- s T , {cos(bLb+c) - cos(bL+c)} + e '" {cos c - cos(bLb + c)} 

1 + sTr {cos(bLb+c) - cos(bL+c)}(a/bL) 

1 + T^s 
(10.2) 



XI. P O W E R - T O - W A T E R - T E M P E R A T U R E T R A N S F E R 
FUNCTION FOR BOILER CORE 
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As d i s c u s s e d in Sec t ion IV, s o m e p o r t i o n of the hea t e n e r g y f luc tua
t ion in the boi l ing r eg ion is spent in s u p e r h e a t i n g the w a t e r . F r o m th i s it 
must be a s s u m e d that the w a t e r en tha lpy in t he boi l ing r e g i o n can r i s e above 
the s a t u r a t i o n en tha lpy . In the nonboi l ing r e g i o n , the effects of v a r i a t i o n in 
heat flux on the t e m p e r a t u r e f luc tua t ion do not inc lude the effect of s u p e r 
hea t ing of w a t e r . 

If E q s . (3.1) , (3 .2) , (3 .3) , (3 .4) , and (4.4) a r e combined , the following 
equat ion for the boi l ing r e g i o n r e s u l t s : 

AwPwW 
^Nv 

dx 

d h ^ / w 
A w P w W - ^ - J = q̂ ^ - q{^. ( 1 1 . 1 ) 

The s t e a m m a s s is neg l ig ib le c o m p a r e d to the w a t e r m a s s ; t h e r e f o r e . 
Aw, Pw and W a r e a s s u m e d c o n s t a n t . The enthalpy f luc tuat ion , h ^ , i s p r o 
p o r t i o n a l to the t e m p e r a t u r e f luc tua t ion , 9^. In th i s s ec t ion , an a v e r a g e con
s tant va lue of W is u s e d ( r e p r e s e n t e d as W). In addi t ion, the s u b s c r i p t 1 
r e f e r s to the boi l ing zone , and the s u b s c r i p t 2 r e f e r s to the subcooled zone . 
T h u s , a f te r Eq . (11 . l ) i s L a p l a c e t r a n s f o r m e d , the following equat ion can be 
w r i t t e n for the boi l ing zone : 

be W l 1 

Sx ^ d t = K 
T Q S 

'^b • 1 + T, oS 
(11.2) 

w h e r e 

K ' K " / ( A w P w W ) , 

and 

K " S w i A v 

If the s a m e p r o c e d u r e as the one in Sect ion IV is u sed , the following 
t r a n s f e r funct ion is ob ta ined : 

9 w i ( s ) , 

•qb(s) 
^ . _ i o ^ r'^D(x)dx r%(x.)e(^>)('^'-''>dx-
L W 1 + ToS J n , J L b 

1 + "̂ os 

B , + CcS + D .e " ' ^ ' ' ' , 1 + e" '^ ' ' ' (E5 + F5 

1 + Tis' {l+^W? 

( 1 1 . 3 ) 
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w h e r e 

As = K ' a ^ T g / L b , 

B5 = - — { s i n ^ ( b L + c ) + s i n ^ ( b L b + c)}, 

C5 = T e / 2 - ( T e / 4 ) { s i n 2 ( b L + c) - s i n 2 ( b L b + c)}, 

D5 = s i n ( b L + c) s i n ( b L b + c ) , 

E5 = - C O S ( T , / T J ) 

F 5 = - Tg s i n ( T , / T 8 ) 

T s = l / W b , 

a n d 

T , = b ( L - L b ) / W b = b ( L - L b ) T 8 . 

F o r s i m p l i c i t y , E q . ( 1 1 . 3 ) i s s t a t e d a s 

9 w i ( s ) ... T„ s A g q i 

q b ( s ) 1 + TpS 1 + Tg 1 = 
: i l . 4 ) 

w h e r e 

a n d 

A Q q i = A (B5 + D5 + E 5 + 1) 

TQqi = (B5 + D5 + E 5 + 1) TI/C,. 

A t t h e n o n b o i l i n g r e g i o n , E q . ( 1 1 . 2 ) b e c o m e s 

Sew2 , 1 S e ^ 

dx Wo St 
K'q, [11.5) 

If the same procedure as the one above is used, the following transfer 
function is obtained: 

9w2(s) 

•qu(s) " LW 
%- \ D ( x ) d x / D ( x ' 

,. ( s / W o ) ( x ' - x ) , , 
) e d x ' 

= A , 
Bfc + Cfcs + D( ,e" ^ " ^ 1 + e " ^ n s (E4 + F4S 

— + -
:i + Tf„s^)^ 

( 1 1 . 6 ) 
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where 

Af, = K ' a 2 V ( L b ) , 

^6 = -^{sin^(bLb + c) + sin^ c} , 

C6 = T11/2 -(Tio/4){sin 2(bLb + c) - sin 2c}, 

Df, = sin (bLb + c) sin c, 

E^ = - C O S ( T I I / T I O ) 

F^ = -T,„ sin(Tii/Ti„) 

Tio = l/Wob, 

Til = bLb/w„b = bLbTio. 

Fo r simplicity, Eq. (II.6) is written as 

^W2(s) ^ A e q 2 

q'b(s) 1 + ^eqzs ' 

where 

A0q2 = Af,(B(, + D(, + Ei,+ D, 

and 

TQqz = (Be + Dj + E^+DT^o/Cfc. 

and 

(11.7) 

XII. POWER-TO-FUEL-TEMPERATURE TRANSFER 
FUNCTION FOR BOILING CORE 

The difference between heat generation and heat energy t ransferred 
to water accounts for the tempera ture deviation, S ,̂ of a fuel rod, as 
follows: 

def(x,t) 
Cf—-J^ = [qg(t) - qb(t)]D(x). (12.1) 
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If the Laplace t ransform method is used, the effective average fuel 
temperature deviation, £*£, is determined as follows: 

_ ^„(s) - 'qu(s) r^ 
s9f(s) = ' 8^ ' y / {D(x)}^dx. (12.2) 

^i^ Jo 

Froin Eq. (12.2). 

)/qg(s))a^ [ L sin 2(bL + c) - sin 2 L ) ( 1 2 3l 
fLs 12 4b J • 

9f(s) _ {1 - q"b(s)/qg(s))a^ fL 
"qg(s) Cji 

Xlll. POWER-TO-FUEL-TEMPERATURE TRANSFER 
FUNCTION FOR SUPERHEATER CORE 

Tempera tures in the superheater core a re analyzed in two regions: 
steam flow up and steam flow down (i.e., first pass and second pass) . The 
transfer function is calculated by using average values of these two passes . 

In the superheater core, the fuel tempera ture only has an effect on 
the reactivity. If the thermal res is tance of the stainless steel cladding is 
neglected, fuel tempera tures may be calculated from the following relations: 

d^sfi 
C s f - ^ = qsfj - h(esfj - eggj), (13.1) 

Se«=i da 
s j^ss j ^j + AssCssj PssjUssj g^ - ^(esfj " Sggj), 

(13.2) 
where j(= 1 or 2) corresponds to the first and second passes . 

The p ressu re drop in the superheater core is negligible and the mass 
flow rate of the superheated steam is assumed constant. Thus, 

/'L 
- , , 1 / qsf(s)D'(x)/h + essi ^ , ^ ^ , ^ 

esfi(s)=^/ Y-rT:rs—°^''^''"' '''•'' 
and 

/-L 
flW^ 1 / qsf(s)D(x)/h + Sssz ^, , , 
9sf2(s) =— , ^ ' • D(x) dx, (13.4) 

i^ / I t TijS 
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w h e r e 

a n d 

D ' ( x ) = a s i n ( b L + C - b x ) , 

Ti2 = C s f / h . 

If t h e L a p l a c e t r a n s f o r m m e t h o d i s u s e d , E q . ( 1 3 . 2 ) i s r e p l a c e d by 

^ • ^ 1 2 / K S I ) S " \ 1 q s f i ( s ) 

, , .r- r SSI = - rT~=— • " 1 ? — ° ^ 
1 + Tj^s J 1 + ' ,2S K s i 

d e g s i ( x , s ) r s ( h T i 2 / K s i ) s ' 

a n d 

d x 1 U £ s 1 

d S s s 2 ( x , s , I 

( 1 3 . 5 ) 

( h T i 2 / K s 2 ) s 1 q s f 2 ( s ) 

d x • | U s S 2 " 1 + T,2S J " ^ " - 1 + Ti2S ' ^ r r ^ W ' 

( 1 3 . 6 ) 

w h e r e 

a n d 

K s i - A g g C s s i P s s i ^ s s i , 

K s 2 - A s s C s s 2 S S 1 ^ S S 2 . 

T h e s o l u t i o n s f o r S s s i ( x , s ) a n d 9 s s 2 ( x , s ) a r e a s f o l l o w s : 

q s f ( s ) 

a n d 

i ( x , s ) 

S s S 2 ( x , s ) 

[ 1 + Ti2s)K, 

q s f ( s ) 

[ 1 + T i 2 s ) K s 2 

- r D ' ( x - ) e ^ ' ' ( ' ' " ) - ^ ' W ) d x ' + S s s i n . ( 1 3 . 7 ) 

•" Jo 

^ ^ ^ , j j t " ( x - ) - t " ( x ) } ^ ^ , ^ e^^^(L,s) , 

( 1 3 . 8 ) 

w h e r e 

t ' ( x ) 
A r _ ^ (b^i3/Ksi)s|^ 

J \Ussl 1 + "̂ 123 J 

file:///Ussl
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and 

t " ( x ) 
( h T i 2 / K s 2 ) s l , 

' 1 + Ti2S t ^ -

T h e t e m p e r a t u r e d e v i a t i o n of s a t u r a t e d s t e a m , S s s i n ( ^ ' ' b e f i r s t 

p a s s i n l e t ) , i s n e g l i g i b l e . If t h e s u p e r h e a t e d s t e a m v e l o c i t i e s , U s s i a n d 

U s s 2 ' ^ r e a s s u m e d c o n s t a n t s , t h e t r a n s f e r f u n c t i o n s a r e 

; f i ( s ) 1 
, L r 

q s f ( s ) L T^-<-'''id?^^r°''^'' 
{ f ( x ' ) - t ' ( x ) } 

d x ' d x . ( 1 3 . 9 ) 

a n d 

e s f 2 ( s ) _ j _ 

q g £ ( s ) " L 
i ^ ^ D ( x ) ^ . ""^^ 

1 + T12S 

w r^i,. {t"(x')-t"(x)} , 
r-j D ( x ' ) e d x ' K s 2 ( l + T12S) 

D ( x ) e s s i ( L s ) 

(1 + T i 2 s ) q ^ ^ ( s ) 

w h e r e 

and 

t ' ( x ) = a , - { 
l / U s s i + T i 2 h / K s i + ( T i 2 / U s S l ) s 

1 + r , , s 

= ( / 3 i + 7 i s ) s x / ( l + T12S). 

t " ( x ) = a2SX J ' / " s S 2 ^ ^ . 2 b / K s i M ^ , 2 / U s S 2 ) s L 
L 1 + T12S J 

= (/32+ 7 2 s ) s x / ( l + T12S), 

( 1 3 . 1 0 ) 

( 1 3 . 1 1 ) 

( 1 3 . 1 2 ) 

D ( x ) e g s i ( L . s ) _ D ( x ) 

(1 + T , 2 s ) q s f ( s ) (1 + T i 2 s ) ' K c 
D ' ( x ) 

{ t ' ( x ) - t ' ( L ) } 
d x . ( 1 3 . 1 3 ) 

If K g i — K s 2 , t h e t r a n s f e r f u n c t i o n fo r p o w e r g e n e r a t i o n r a t e t o a v e r a g e 

s u p e r h e a t e r f u e l t e m p e r a t u r e i s 
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e s f ( ^ ) { ' ^ s f l ( B ) + 9 s f 2 ( B ) } / 2 

% s q s f ( B ) 

A7 f c , + D , s + e ' " - i ^ ^ ( E , + F 7 S ) 

'- 1 + T12S + ^ \ ( 1 , ^ 1 2 ^ ) ^ ( 1 + ^ . 

GT + H T S ^ + e ' ° ' ' ^ ^ ( l 7 + J7S +K7S^; 

w h e r e 

(1 + T12S)̂  ( ^ ^ ^ " ' T 

L s i n 2c - s i n 2 ( b L + c) 

; i 3 . i 4 ) 

4 b 

B7 = a y ( K s i L b ^ ) , 

C7 = [ c o s ^ c - COS c c o s ( b L + c ) ] / 2 , 

D7 = ( t t i / b ) { L b / 2 + [2 s i n 2 c - s i n 2 ( b L + c) - 2 s i n c c o s ( b L + c ) j / 4 } , 

E7 = [ c o s ^ ( b L + c ) - c o s c c o s ( b L + c ) ] / 2 , 

F7 = ( a i / b ) { c o s ( b L + c ) s i n ( b L + c ) - c o s c s i n ( b L + c ) } / 2 , 

G7 = {cos^c + c o s ^ ( b L + c ) } / 2 , 

H7 = - ( a f / 2 b ^ ) { s i n ^ c + s i n ^ ( b L + c ) } , 

I7 = - c o s c c o s ( b L + c ) , 

J7 = - ( c i i / b ) s i n b L , 

a n d 

K7 = (a i / b ^ ) s i n c s i n ( b L + c ) . 

F o r s i m p l i c i t y , E q . ( 1 3 . 1 4 ) i s w r i t t e n 

gs f (B) A s 

q g f ( s ) 1 + TgS ' 

w h e r e 

A s = A7 .+ B 7 ( C 7 + E 7 +G7 + I 7 ) , 

a n d 

Tg = Ti2{A7 + 6 7 ( 0 7 + E 7 + G7 + 1 7 ) } / A 7 . 

( 1 3 . 1 5 ) 
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XIV. NUMERICAL CONSTANTS, BLOCK DIAGRAM, 
AND ANALYTICAL RESULTS 

In the analysis presented here , the prompt neutron lifetime, £*,a.Tid 
the effective delayed neutron fraction, p, were assumed to be 2.7 x 10 and 
0.0071, respectively. The remaining delayed neutron parameters are p r e 
sented in Table 14.1. 

Table 14.1 

DELAYED NEUTRON PARAMETERS 

^ i /3i 

0 

0 
0 

0 

1 

3 

0 1 2 9 
0 3 1 7 

115 

311 

4 

8 8 

0.000270 
0.001512 
0.001335 
0.002889 
0.000909 
0.000185 

Experimentally, three cases of reactor operating modes were con
sidered: 1) natural convection at various mean power levels; 2) forced con
vection (10,000 gpm) at various mean power levels; and 3) 20-MW mean 
power level with various forced-convection flow ra tes . The vessel p ressu re 
was assumed constant at 600 psi. For calculation of the forced-convection 
cases , a constant value of 1.5 was used for the slip ratio in the boiling chan
nel. The flow rate of both water and steam versus boiler heat flux for the 
natural-convection core was calculated with the RECHOP Code(4) as shown 
in Fig. 14.1, The core geometry is taken from ANL-6302^ '. 

-

-
_ 
_ 

-

/"' 

^ 1 1 1 1 

H . 

1 

1 6 

'<. 

1 

1 6 

49 ROD ASSEMBLY 

4 " F SUBCOOLING 

^^^.----'^ 
^^^--""'^^ 

.̂..-"""̂  ^^^ 

^ ^ - 1.16, 2 2 

200 300 
HEAT FLUX i 1 0 " ' (B lu / t l * hr) 

Fia. 14.1 . Calculated Results for Various Natural-convection Flow Rates 



Figure 14.2 is the resulting block diagram for the reactor system 
analyzed in this report , where ctj, ttj, and 03 are the local-to-average 
power generation ratios in the inner boiler core, the outer boiler core, 
and the superheater core, respectively. Table 14.2 lists the physical con
stants used in the transfer functions derived above. 
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Fig. 14.2 

Systeim Block Diagram 

\ mu!nhr°fi 

K (ff^/sec) 

H 1 

r * ( l t ) X c » l ( h i 

r* Ift hr "F/Btul 

d c " IIB 

Xc"' IBtu/fthrOpI 

h( IBtu l f l^hrOf) 

3tu/ft^hrOFl 

5.4 X lO-^ 

O.OOOZ 

0.01125 

6000 

0.0143 

Thermal resistance of UOj pellet to cladding. 

Thickness of stainless steel cladding. 

Thermal conductivity of cladding. 

Table ia.2 

PHYSICAL CONSTANTS 

r 

Ogs/Og 

A Ift^l 

L (ft) 

p^ llb/ft^l 

p^ l lb/ f t^ 

Ĥ , IBtu/fl^) 

Mwdbl 

Ms (lb) 

0.03 

17/83 

0.0012174 

2 

1,Z997 

49.704 

924.04 

8350 

149 

Hs-Hw IBtu'lb) 

dH^ldp (Btu/psi-lbl 

aHw;ap(Btu;psi-ibi 

a ^ j l d p Mb/f t^s i ) 

des/dp(OF/psi) 

a 

732.58 

-0.01772 

0.20755 

0.D02247 

0.17S45 

1.33637 
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This analysis was done for two assumed values of average void coef
ficients, using the average reactivity coefficients listed in Table 14.3. The 
ratio of the individual coefficients for the inner and outer boiling cores was 
assumed to equal the ratio of the mean neutron fluxes in these two regions. 

Fuel temperature 
coefricient (Doppler) 

Water temperature 
coefficient 

Table 14.3 

REACTIVITY COEFFICIENTS FOR BOILING AND 
SUPERHEATING CORE REGIONS 

Average 

Boiling Core Regions 

-1.8 X 10-5Ak/»F - 1 X 1 0 - 5 A I ( ; » F 

- I x l O - ' A k f F -0.6 x W ' A k / O F 

-3 x 10"'Ak/% void -1.68 x lO"'Ak/» void 

-4.5 X 10-3Ak/* void -2.52 x 10-3 A k / » voil) 

^1.8 X 10-5 Ak/OF 

-0.4 xlO-3Ak(°F 

-1.32 x lO- 'Ak/% void 

-1.98 X 10-3 A k ( * void 

Superfieating 
Core Regions 

-0.6 X 10-5 Ak/OF 

The analytical results are shown in Figs. 14.3 to 14.f 

FREQUENCY, cps 

Fig. 14.3. Calculated Transfer Function at Various 
Power Levels; Natural Convection; Void 
Coefficient; 3.0 x 10'^ Ak/% Void 
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- - - - 0 POWER 

30 5 
Q. 

20 

FREQUENCY, cps 

Fig. 14.4. Calculated Transfer Function at Various 
Power Levels; Natural Convection; Void 
Coefficient: 4.5 x 10'^ Ak/% Void 

GAIN 

PHASE 

0 01 0 02 
FREQUENCY.cps 

Fig. 14.5. Calculated Transfer Function at Various Power 
Levels; Forced Convection; 10,000 gpm; Void 
Coefficient: 3.0 x 10"' Ak/% Void 
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001 002 
FREQUENCY, cps 

Fig. 14.6. Calculated Transfer Function at Various Power 
Levels; Forced Convection; 10,000 gpm; Void 
Coefficient: 4.5 x 10"' Ak/% Void 
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FREQUENCY, cps 

Fig. 14.7. Calculated Transfer Function at Various Flow 
Rates; Forced Convection; 20 MW; Void 
Coefficient: 3.0 x 10"' Ak/% Void 
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Fig. 14.8. Calculated Transfer Function at Various Flow 
Rates; Forced Convection; 20 MW; Void 
Coefficient: 4.5 x 10"' Ak/% Void 



CONCLUSIONS 

From Figs. 14.3 to 14.8, the analytical results show that BORAX-V, 
with a central superheater core, has the following charac te r i s t ics : 

1. In natural-convection cooling, the resonance frequency is highly 
dependent on the power level; for forced-convection cooling, the resonant 
frequency var ies less with power than with flow rate. Usually the resonance 
frequency of a boiling reactor depends on the void transi t t ime, so that the 
above result should be expected. 

2. Increases in void coefficient tend to decrease stability. Since 
the resonance is caused by bubble formation lags in the feedback, this 
result was also expected before analysis. 

3. For forced-convection cooling, the values of peak gain increase 
with mean power level at constant circulation rate. However, for natural 
circulation, the peak gain does not increase monotonically with power as it 
does in forced convection. The resul ts show, for exainple, that the 5-MW 
peak is higher than that at 10 MW, while for power levels greater than 
10 MW, the peak gain for the natural-convection case increases with power. 
The latter can be explained by the following effects: 

(a) Figure 14.1 shows that the steady-state water-circulat ion 
rate decreases very rapidly as the steady-state power is decreased below 
10 MW. The assumed extrapolation shows that slip ratio also decreases 
with decreasing power level. For example, the water circulation rate at 
5 MW is less than half the value at 10 MW. Sinnilarly, the values of slip 
ratio at 5 and 10 MW are calculated (extrapolated) to be 1.4 and 2.0, r e 
spectively. For the above reasons, the power-void, power-boiling boundary, 
and the boiling boundary-void transfer functions are nearly identical in the 
range from 5 to 10 MW. 

(b) The part of the feedback loop that is affected, however, as 
power is increased from 5 to 10 MW is composed of the following two par t s : 
(l) the pressure-boi l ing boundary transfer function, and (2) the boiling 
boundary-void transfer function. The product of the above two transfer 
functions was found to have a much larger gain and somewhat higher phase 
lag at 5 MW than at 10 MW. Thus, the indicated effects of power level on 
peak gain of the overall t ransfer function at the lower power levels for the 
natural convection case can be summarized as follows: The dynamic 
resul ts depend heavily on the steady-state model assumed. It is admitted 
that the calculated steady-state results had to be extrapolated at the lower 
power levels (below 10 MW), which gave r ise to the effects described 
above. 
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4. In forced-convection cooling, the coolant flow rate is one of 
the important factors for stability. A decrease in coolant flow rate tends 
to decrease stability. 

5. The values of peak gain at high-power operation are not too 
different from the cases of natural-convection cooling and 10,000 gpm 
forced-convection cooling at equal pow^er levels. The reason for this can 
be explained as follows: 

For the analysis of forced-convection cooling, the calculated 
slip ratio is assumed to be smaller than the calculated slip ratio for natural 
convection at high power levels. Hence, in this analysis, the void volume 
inside the core is not too different from natural-convection cooling and 
10,000-gpm, forced-convection cooling. The water-flow velocity for 
10,000-gpm, forced convection is thus larger than that for natural 
convection. 

In the analysis , the effects due to the small differences in the 
void volume in the core and the large difference in the water temperature 
in the core cancel each other for the case of natural-convection cooling and 
10,000-gpm, forced-convection cooling. 

In actuality, the slip ratio is not constant for forced convection, 
but may increase with operating power. The resonance peak value would 
thus decrease , and resonance frequency would increase when compared with 
the analytical resul ts for the case of 10,000-gpm, forced convection p r e 
sented herein. 

The object of this analysis was to estimate the stability of BORAX-V 
with a central superheater core before actual operation. Analytical resul ts 
show that BORAX-V with a central superheater core will have stable char
ac te r i s t ics under the designed operating conditions of power, p r e s su re , and 
flow. 
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